ABSTRACT. The micronucleus (MN) assay evaluates the effects of low doses of genotoxic carcinogens and can detect structural lesions that survive mitotic cycles. The objective of this study was to determine both the genotoxicity of nickel (Ni) in buccal epithelial cells and the urinary excretion of Ni in children with metal crowns. This was a prospective longitudinal study based on 37 patients selected at the Facultad de Odontología de la Universidad Autónoma de Coahuila. MN assays were performed using buccal cells from the 37 patients, and Ni levels were determined from urine samples using inductively coupled plasma mass spectrometry at 1 (basal value), 15, and 45 days following the placement of crowns in each patient. Ni urinary excretion levels increased from 2.12 ± 1.23 to 3.86 ± 2.96 mg Ni/g creatinine (P < 0.05) and the frequency of exposed micronuclei increased from 4.67 ± 0.15 to 6.78 ± 0.167/1000 cells (P < 0.05) between 1 and 45 days post-crown placement. These 
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INTRODUCTION
In odontology, nickel (Ni) is used for fashion brackets, fillings, space maintainers, and crowns (Bass et al., 1993; Westphalen et al., 2008) . The oral cavity is particularly suited for the biodegradation of metals due to its ionic, thermal, microbiological, and enzymatic properties (Vijaya Bhaskar and Subba-Reddy, 1997; Faccioni et al., 2003; Shin and Hwang, 2003; Liu et al., 2007; Amini et al., 2008) . Ni can be found in dental alloys in varying amounts and, depending on its function, is differentiated into 3 types: a) Ni-chromium (Cr) alloys for fixed prosthodontics (metal-ceramic composites) in which Ni is present in high proportions; b) stainless steels for conventional fixed or removable orthodontic apparatuses, which contain very low proportions of Ni; and c) new Ni-titanium alloys for orthodontics, with shape-memory and superelasticity in which Ni is present in intermediate ratios (Staerkjear and Menné, 1990; Bass et al., 1993; Das et al., 2008) . The most frequent mechanisms of adverse reactions induced by metals are: a) corrosion, which is dependent on the presence of oxygen, chlorides, and non-noble metal alloys in the oral cavity, and b) the gradual and continuous release of ionic components from dental materials. Such ionic components are absorbed in the human body, either through the digestive system, oral mucosa, skin, or airways (Eliades and Athanasiou, 2002; Costa et al., 2007) . The most common adverse reactions are caused by metal toxicity, sub-toxic reactions, hypersensitivity, and allergic contact dermatitis (Pedemonte et al., 2006) . The carcinogenic effects of Ni have been demonstrated through exposure pathways such as ingestion, inhalation, and parenteral injection of Ni compounds (Kasprzak et al., 2003; Pedemonte et al., 2006) . Therefore, because of its wide use in dentistry, it is important to investigate the genotoxic effects of topical odontological exposure to metal alloys that include Ni. The micronucleus (MN) test of exfoliated cells in epithelial tissue has been used to evaluate the genotoxic effects produced by low doses of carcinogenic substances, or mixtures, which are carcinogenic, to exposed human populations. The frequency of MN in human exfoliated cells can be used as an "endogenous dosimeter" in tissues that are specific targets of genotoxic carcinogens, where carcinomas can then develop (Martino-Roth et al., 2003) . The MN assay is widely used today because it is practical, fast, economical, and measures irreversible damage at the nuclear chromatin level, offering many advantages over other assays used previously to measure DNA damage such as the comet test. Compared to the comet test, trials have shown that MN is more sensitive for detecting genotoxicity. Given this, the application of the MN test is thus considered useful for measuring genotoxic damage caused by odontological metal alloys. Through the analysis of buccal epithelial cells and urine samples, the objective of the current study was to determine the extent of Ni-induced DNA damage in 37 pediatric subjects with metal dental crowns.
MATERIAL AND METHODS

Inclusion criteria
We recruited 42 pediatric patients. The parents of each patient signed a letter of con-sent for participation in the study. All protocols used in the current study were approved by the Bioethics Committee at the Facultad de Medicina, Universidad Autónoma de Coahuila, Unidad Torreón. Participants were considered to meet inclusion criteria if they were eligible for treatment with dental preformed metal crowns. Patients included those with severely decayed teeth involving 2 or more tooth surfaces, interproximal contact loss, changes in mesiodistal and buccolingual dimensions, and mesial tipping of the first permanent molar; primary teeth that had been treated with pulpotomy or pulpectomy, structural defects such as enamel hypoplasia, hypocalcification, imperfect amelogenesis, or imperfect dentinogenesis that could not be restored properly with conventional techniques; retainers for the fabrication of space maintainers, and removable and fixed appliances used in preventive and interceptive orthodontics; and subjects with pretreatment of metal crowns, with no metal seals or fixed oral appliances and without previously diagnosed systemic diseases. Subjects were excluded if they presented piercings in the mouth, or reported carrying metal stents. In addition, patients were also excluded if sampling of oral epithelial cells and/or urine was taken ±1 day from the scheduled time points (1, 15, and 45 days post-crown placement), or if they removed their metal crown for any reason during the 1 to 45 days of exposure.
Determination of the alloy of the metal crown
To determine the concentration of metal alloys, crown samples were evaluated using Atomic Absorption Spectroscopy on a Perkin-Elmer 5100 spectrophotometer (Perkin-Elmer, Norwalk, CT, USA).
Collection and sample preparation
Three samples were collected from oral mucosa cells according to a standard protocol previously described by Titenko-Holland et al. (1994) . Initial samples were collected on the day that the metal crowns were inserted, which was considered the first day of Ni exposure (basal value). The second and third samples were obtained 15 and 45 days post-exposure. Urine samples were collected in a plastic container on days 1 (basal value), 15, and 45 following the placement of the dental crown; samples were collected midstream from the first urination of each collection day, and were refrigerated at 4°C until processing. Urine samples were prewashed with 10% nitric acid, rinsed with distilled water, and dried at room temperature.
Measurement of urine Ni concentrations by inductively coupled plasma mass spectometry (ICP-MS)
We used ICP-MS (Elan 6000 DRC II, Los Angeles, CA, USA) to measure the urine Ni concentration according to previously described methods (Fernández-Ruíz, 2003) ; concentrations are reported as μg Ni/g creatinine.
MN assay
After collecting and analyzing cheek cells, slides of buccal cells were prepared by dropping the washed cell suspension onto prewarmed slides (37°C). Slides were then air-dried and fixed in 80% (v/v) methanol at 0°C for 20 min, and again allowed to dry at room tem-perature before being stained with Giemsa solution (Jalmek G0700-02, USA). Subsequently, 1 mL Giemsa solution was placed on each slide and was left to rest for 20 min. Slides were then rinsed with deionized water, followed by tri-distilled water, and allowed to dry at room temperature. For preservation, slides were covered with a layer of resin [synthetic resin solution in 60% xylene (Jalmek SR175-12, USA)] and dried for 8 days. Each slide was observed at an amplification of 100X with a light microscope (Micromaster 640 EE7055) ; the number of normal, micronucleated, binucleated, and necrotic cells were determined. Cells exhibiting degenerative processes such as karyorrhexis, karyolysis, and pyknosis were considered as one group of necrotic cells. Binucleated and micronucleated cells were identified according to the characteristics described by Zalacaín et al. (2005) , and apoptotic cells were identified according to those set by Holland et al. (2008) . Duplicate slides were made for each patient and 500 cells were read per slide, totaling 1000 cells per patient sample.
Statistical analysis
The SAS 9.0 software package was used to calculate measures of central tendency and dispersion, and to conduct an analysis of variance (ANOVA, Kruskal-Wallis) in independent populations over time. Data analysis was performed by using the Statistical Analysis System software SAS, Version 9.0 (SAS Institute, Cary, NC, USA).
RESULTS
Statistical analysis was performed on 37 of the 42 patients originally selected for the study. Subjects included were between 4 and 11 years of age (mean = 6.26 ± 1.79 years). Of these, 62.16% were males and 37.84% were females; 87% of the males and 86% of the females were 8 years of age or younger. The sampled crowns were found to contain 70.85% iron (Fe), 19.28% Ni, and 9.62% Cr. Analysis of urine samples from the 3 time periods revealed that longer Ni exposure leads to significant increasing in Ni concentrations of 57% between 1 and 15 days (P < 0.05) and 71% between 1 and 45 days of exposure (P < 0.05). However, Ni concentrations observed at 15 and 45 days were not significantly different (P > 0.05). Figure 1 shows mean urinary Ni concentrations for the 3 exposure times. The Ni concentration at day 1 was 2.12 ± 1.23 µg Ni/g creatinine. After 15 and 45 days of exposure, the Ni concentration had increased to 3.25 ± 2.03 and 3.86 ± 2.96 µg Ni/g creatinine.
Results of the MN assays showed a statistically significant increase in the frequency of micronucleated cells in samples collected after 45 days of exposure compared to those collected at day 1 (P < 0.05). However, the frequencies of micronucleated cells were not significantly different between samples collected at 1 and 15 days, nor between 15 and 45 days of exposure (P > 0.05; Table 1 ). An increase in the number of necrotic cells, including those exhibiting karyorrhexis, karyolysis, and pyknosis, was also observed with increasing exposure. The numbers of necrotic cells observed in samples from each time point are shown in Figure 2 . The frequencies of abnormalities per 1000 cells are shown in Table 2 . The number of necrotic cells in males and females was not found to be significantly different at any of the 3 time points (P > 0.05). However, a slight increase was observed at 15 days of exposure compared to day 1 (5.73 ± 2.70 and 6.78 ± 4.11, respectively). The frequency of binucleated cells in males was significantly different between samples at day 1 (2.17 ± 2.69) and day 45 (3.08 ± 2.48; P < 0.05). In girls, significant differences were observed between 15 and 45 days post-exposure (P < 0.001). After partitioning by gender, a difference in the frequency of micronucleated cells was observed only in male samples collected at days 1 and 45 (P < 0.05; Table 2 ). 
DISCUSSION
We observed that in the 37 participants the frequency of micronucleated cells increased linearly with the concentration of Ni excreted in the urine. The significant increase of Ni in the urine coincides with that reported by Grandjean et al. (1988) , who observed higher concentrations after 28 days of occupational exposure to this metal. In other studies, similar results are reported in orthodontic apparatus users (Barret et al., 1993; Menezes et al., 2007; Petoumenou et al., 2009; Sahoo et al., 2011) . Our data suggest that the MN assay is a suitable dosimeter for the assessment of topical exposure to metals such as Ni in vivo as we observed that both the number of cells with micronuclei as well as the urinary concentration of Ni were significantly increased at 45 days following the placement of Ni-based metal crowns. In 1997, Vijaya Bhaskar and Subba-Reddy (1997) reported a significant increase in the concentration of Ni and Cr ions in the saliva of metal crown users at 7 days after the placement of a single crown; however, the concentrations decreased to negligible levels after 28 days of crown placement. Due to this, it was expected that the count of micronucleated cells would peak at 15 days and damage would decrease after 45 days. However, in our study, we found evidence that Ni concentrations in urine increased with time. The increase of the frequency of micronucleated cells is partly due to the interaction of the metals in question. It is well known that the 3 metals are associated with the onset of cancer and genotoxic damage. Fe alloyed with Ni produces a protective effect to genotoxic damage according to Kasprzak et al. (2003) . Thus, the fact that we observed an increased number of micronucleated cells at day 45 compared to day 15 is likely explained by a loss of ions.
Here, we present evidence that the count of cells with micronuclei is a sensitive method for determining genotoxic damage. Indeed, the alloy metal found in the crowns used in our study showed that, after Fe, Ni was the second most abundant. Other studies have shown that metallic ions such as Ni and cobalt released from orthodontic appliances could induce DNA damage in oral mucosa cells and in mouse fibroblasts in vitro (Schmalz et al., 1998; al-Hiyasat et al., 2002; Faccioni et al., 2003) . Therefore, we can say that there is evidence that exposure to metal crowns produces genotoxic damage 45 days after exposure. The proposed model allows us to conclude that there is DNA damage induced by metal ions; however, it cannot be said that this damage is exclusively due to the Ni, as it is alloyed with steel (Fe) and Cr, both metals with known genotoxic effects. Ni was used as a biomarker of indirect control of the concentrations of metal ions absorbed and metabolized via the levels excreted in urine, since this metal is eliminated in the same form as when it is absorbed, Ni (II), without interacting with the metabolism (Danadevi et al., 2004; Lewinska et al., 2007) . Population studies assessing the number of micronucleated cells in subjects with orthodontic devices have shown increases within 30 days after the placement of these devices. In this sense, it is important to note that no tests have been described that demonstrate the genotoxicity induced by orthodontic appliances. However, in future studies, it will be important to consider each metal individually, and compare which of the three releases more ions, for how long, and if its genotoxic effects vary in relation to purity or interactions with other metals. Longer patient follow-up periods, as well as the use of additional serum and urinary biomarkers could provide further insight as to whether genotoxic damage induced by metal crowns in buccal cells is permanent and can progress to cancer, and whether lowering the secretion levels of these metals will make the use of metal crowns safer. In conclusion, this study provides evidence of genotoxic damage caused by exposure to Ni in children with metal crowns.
